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Abstract: T he ro le  o f  e lectron  co rrela tion  in lo w -energy  p h o to ex c ita ­
tion , p ho to ion iza tion , and elastic  e lectron -a to m  sca tte ring  is rev iew ed . 
S eco n d -o rd er co re-sh ie ld ing  correc tions and h igh er-o rd er R P A  co rrec ­
tions are considered . T he q uasipartic le  equation  and B rueck n er o rb ita ls 
are in troduced  to treat th ird -o rder co re-po lariza tion  co rrec tions. A pp li­
ca tions are g iven  to the photoexcita tion  and  p ho to ion iza tion  o f  cesium  
and to e lastic  e lectron -xenon  scattering .
K eyw ords: e lectron  co rrela tion , pho toexcita tion , pho to ion iza tion , e lec ­
tro n -a to m  scattering , co re  sh ie ld ing , co re  p o larization
P A C S  num bers: 32 .80 .Fb , 34 .80 .B m , 32 .70 .C s
1. Introduction
T h e  cen tra l-fie ld  approx im ation  g ives a sim ple  and qualita tive ly  co rrec t 
descrip tio n  o f  a tom ic transition  p rocesses , such  as p h o to ion iza tio n  o r e lastic  
scattering . F o r low  energ ies , how ever, the cen tra l-fie ld  is o ften  quan tita tive ly  
incorrect. T h e  inadequacy  o f  the cen tra l-fie ld  approx im ation  has tw o  sources, 
co re  sh ie ld ing  and  co re  polarization .
B y  core shielding, w e are  referring  to the fact that an ex te rn a l fie ld  
a p p lie d  to  an a tom  induces a secondary  fie ld  in the atom ic co re , w hich , at least
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in the case  o f an applied d ipole field, reduces the size o f the orig inal field . A 
valence o r scattering  e lectron  in the atom  responds to the sum  o f  the applied  
and induced  fields; Le., to  the sh ielded  field. T he sh ie ld ing  co rrection  arises 
in a natural w ay in m any-body  pertu rbation  theory (M B PT ) as the second- 
order co rrela tion  correction  to transition  am plitudes. [1]
Core polarization describes the reaction  o f an ou ter (valence or sca tte r­
ing) e lectron  to the m ultipo le m om ents that it induces in the atom ic core. S uch  
an e lectron  in teracts w ith  the atom ic core through the sum  o f the original co re  
po ten tia l and the induced m ultipo le potential. The induced  po ten tia l is a ttrac­
tive so the valence e lectron  becom es m ore tightly bound than  an e lectron  
m oving  in the unpertu rbed  core potential.
In som e respects, the best choice o f a central po ten tia l fo r stud ies o f 
atom ic transitions or electron  scattering  is the H artree-Fock  (H F) potential.*  
O ne im portan t reason for th is choice  is that first-o rder correc tions to b ind ing  
energ ies in the H F  potential vanish. S ince scattering  phase sh ifts are re la ted  
to valence-electron  b inding  energ ies th rough  quan tum  defect theory, it fo l­
low s that there are no first-o rder corrections to scattering  phase sh ifts c a lcu ­
lated in a H F  potential.
S tarting  from  the HF potential, one infers from  the above d iscussion  
that an ou ter electron  in an atom  m oves in a po ten tial that is the sum  o f the H F  * 
poten tial and the polarization  poten tial. T he correction  to the one-electron  H F 
energ ies due to the polarization  poten tial is ob tained  in a straigh t-fo rw ard  way 
using second-o rder M B PT . The core-po larization  correction  to the energy  is 
the expectation  value o f a non-local operator, often referred to as the self- 
energy  op era to r.[3] T he m odified  H F equation  arising w hen  one adds the  self- 
energy  opera tor to the H F poten tial is referred  to as the quasiparticle e q u a ­
t io n .^ ]  T he co rrespond ing  single-particle  w ave functions are referred  to  as 
q uasipartic le  o rb itals or as Brueckner orbitals.[2]
R eplacing  H F orbitals by B rueckner orb itals usually  reduces the m ag ­
nitude o f transition  am plitudes since the B rueckner o rb itals have shorter range 
than the H F orbitals. In a system atic treatm ent o f pertu rbation  theory  starting  
from  the H F cen tra l-fie ld  approxim ation , the first-o rder transition  am plitudes 
are those evaluated  using  the unpertu rbed  HF orb itals. T he second-o rder 
am plitudes give the leading core-sh ie ld ing  corrections. T he th ird -o rder tran ­
sition am plitudes consist o f  fou r d istinct parts: th ird -o rder co re-sh ie ld ing  c o r­
rections, th ird-o rder core-po larization  corrections, th ird -o rder structural 
rad ia tion  [5] co rrections, and th ird-o rder no rm alization  co rrections. T he  d o m ­
*For heavy atoms, where relativistic corrections are significant, wc replace the HF 
potential by its relativistic counterpart, the Dirac-Hartree-Fock (DHF) potential.
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in an t th ird -o rd er co rrec tions are those from  core  po lariza tion . T hese  th ird - 
o rd e r co re -p o la riza tio n  co rrec tions are m ost easily  ob tained  by so lv ing  the 
q u as ip artic le  eq ua tio n  and  then  evalua ting  the transition  m atrix  c lem en t using  
the resu ltin g  B ru eck n er orb itals.
2. Hartree-Fock Transition Amplitudes
A s a p re lim in ary  to ou r d iscussion  o f co rrela tion  co rrec tions, let us 
ex am in e  pho to exc ita tio n  and pho to ion iza tion  in atom ic cesium  in the H F  
ap pro x im atio n . In its g round  state , cesium  consists o f a sing le valence  e le c ­
tron m ov ing  in the se lf-consis ten t field  o f a d o s e d  xenon-like  core. A s a first 
step  in an aly z ing  transitions in cesium , one so lves the coup led  D irac-H artree- 
F ock  (D H F ) equations:
( ^ 0 +  ^HF } l i a ~  E a Ua
for the occup ied  core o rb ita ls u(i and the self-consisten t po ten tia l VHF. In the 
re la tiv istic  case , there are 17 d istinct o rb ita ls co rrespond ing  to the subshells
(1 s ) 2 {2s)2 (2  p ) 6 (3 s)2 ( 3 p ) 6 ( 3 d ) 10 (4 .v )2 (4 /> )6 (4  cl) ]{)(5s)2 (5  p ) 6
o f  the c losed-shell C s+ ion. K eep  in m ind  that the (np) 6 subshells separate  
into (np]/2) 2 and ( n p 3 /2 ) 4 fine-s tructu re  com ponen ts and that the ( nd) 10 
subshells  separa te  in to  (n</V 2 ) 4 and  ( / / J s / ~,)6 com ponen ts.
O nce the self-consis ten t po ten tia l has been de term ined , one so lves the 
D H F  equa tio ns for the valence e lectron  in the frozen ionic core. In T ab le  1, 
w e co m p are  the D H F  energ ies o f  a few  low -ly ing  states o f  cesium  w ith  m ea ­
sured  en erg ies [6]. W e see from  this com parison  that the D H F  theory fo r 
cesiu m  p red ic ts  energ ies accurate  to about 10%. T he  coun terpart o f  energ ies 
fo r co n tin uu m  states are sca tte ring  phase shifts. A co n tin uu m  e lec tio n  in the 
fie ld  o f  the  C s+ ion experiences the long -range  ionic C ou lom b  fie ld  together 
w ith  a sh o rt-ran ge  D H F field . T he phase sh ift, co rrespond ing ly , can  be 
d iv id ed  in to  the sum  o f an ionic C ou lom b-fie ld  phase shift and a sho rt-range  
phase  sh ift. In F ig . 1, w e show  the short-range phase sh ifts fo r p-w ave sca t­
tering  from  C s+ at low  energ ies ob ta ined  by so lv ing  the co n tin uu m  D H F  e q u a ­
tions. T h e  zero -energy  phase sh ifts can be in ferred  from  en erg ies o f h igh ly - 
excited  sta tes using  quantum-defect theory  [7]. A s can  be  seen from  the fig ­
ure, D H F  ca lcu la tio n s g ive short-range phase sh ifts th a t agree at th resho ld  
w ith  the  ex perim en ta l p red ic tions at the 10% level o f  accuracy.
E lec tric  d ipo le  transition  am plitudes (reduced  m atrix  e lem en ts o f the
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Table 1. C om parison  o f  D H F  binding  energ ies in cesium  w ith  the 
experim ental energies inferred from  M oore 's tables [6].
S tate D H F E xperim ent
6^1/2 -0.12737 -0 .14310
6Pl/2 -0.08562 -0.09217
6P3/2 -0.08379 -0.08964
7‘v1/2 -0 .05519 -0.05865
7Pl/2 -0 .04202 -0.04393
7 p m -0.04137 -0 .04310
6^3/2 -0 .03609 -0.04018
6^5/2 -0 .03609 -0.03998
8ii/2 -0.03095 -0 .03230
electric  d ipole operator z) for alkali-m etal atom s are easily  evaluated  in the 
H F  approxim ation . F or heavy alkalis, such as cesium , these am plitudes are in 
rela tively  poor agreem ent w ith  precisely  m easured  values, As an exam ple, the 
fo llow ing  values are obtained  for the am plitudes o f  the  p rincipal transitions in 
cesium  from  D H F  calcu lations and from  precise  m easurem ents [8], respec-
2.0
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Fig. 1. Electron-Cs+ p- wave scattering phase shifts at small values of electron momen­
tum. The symbol 0 represents phase shifts inferred from experiment using quantum defect 
theory.
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Fig. 2. DHF calculations of the cesium photoionization cross section. Both length- and 
velocity-form results are presented. 0 represents experimental measurements [9].
tively:
Transition DHF Experiment
6s -¥  6pi /2 5.278 4.499(6)
6s —> 6P3/2 7.426 6.332(7)
Since transition rates are proportional to the squares of the amplitudes, the 
15% errors in the DHF amplitudes seen above reflect in 30% errors in the cor­
responding decay rates.
As a second example, we show in Fig. 2 the results of a DHF calculation 
of the cesium photoionization cross section at low energies, together with the 
experimentally measured cross section [9]. Two features are immediately 
apparent from this figure: first, the DHF predictions are quite different when 
the velocity form of the dipole operator is used instead of the length form; and 
second, the minimum in the experimental cross nearp = 0.2  a.u. is not evident 
in the DHF cross sections.
To summarize, the DHF predictions of transition amplitudes to excited 
or continuum states are only qualitatively correct. To obtain quantitative pre­
dictions, one must consider correlation corrections.
3. Core Shielding and RPA
If we let |v) and |w) represent DHF orbitals for valence states v and w,
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Fig. 3. Diagrams for second-order corrections to transition matrix elements.
respective ly , then , in lo w est-o rd er pertu rbation  theo ry , the ex p ressio n  fo r the 
v w d ipo le  transition  m atrix  elem ent is





T h e  co rresp on d ing  reduced  m atrix  e lem en t is p rec ise ly  the D H F  tran sitio n  
am plitude  d iscussed  in the p rev ious section . S eco n d -o rd er p e rtu rb a tio n  th eo ry  
leads to th e  co rrec tio n  [10]:
z w  =H' V' 1
z va n  w n v n
e - e  -coa n + X
V 7 
w a v n  na
e - e  + cort n
0 )
H ere, Efl and  e n are energ ies o f  o ccup ied  and  v irtual levels, respec tive ly , and  
0) =  e w -  e v is the  transition  energy . T he  no ta tion  used  here  an d  in the  sequel 
is as fo llow s: le tte rs  at the  b eg inn ing  o f the  a lphabet a, b , ... rep resen t o c c u ­
p ied  co re  sta tes; le tters near the  cen te r m, n, ... rep resen t v irtua l sta tes, and  le t­
ters at the end  v, w , ... rep resen t va lence states. W e u se  i , j , ... to  rep resen t b o th  
co re  and  v irtual states. T he quan tities vijkl a re  tw o-partic le  m atrix  e lem en ts  
o f  th e  C o u lo m b  in teractio n ,
v m  =  < « /  \ j - \ u ) ,
M2
an d  the  q u an tity  v ^ .  =  v»w -  is an an tisy m m etrized  C o u lo m b  m atrix  
e lem en t. T h e  seco n d-o rd er co rrec tions are rep resen ted  g rap h ica lly  by  the 
B ru eck n er-G o lds to n e  d iag ram s o f  F ig . 3. T h e  ru les fo r co nstru c tin g  th ese  d ia ­
g ram s are  g iven , fo r exam ple, in  R ef. [1].
T h e  seco n d-o rd er co rrec tio ns fo r the  p rin c ip a l tran sitio n s in  ce siu m  
red u ce  the d iscrep ancies w ith  ex perim en t d iscussed  in  the  p rev iou s sec tion
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Fig. 4. Diagrams representing the RPA equations Eq.(2).
somewhat. Indeed, we find,
Transition £(i) £(2) Sum Experiment
6s -> 6p m  5278 ^0334 4943 4.499(6)
6.5 -> 6p m  7.426 -0.453 6.973 6.332(7)
The transition matrix elements z an and z na appearing in the numerator 
of Eq. (1) are also subject to shielding corrections. The second-order correc­
tions to these matrix elements is given by the second-term in the iteration 
solution to the random-phase approximation (RPA) equations:
7RPA y y 7 RPA
£ R P A  _  V ’ b m  a m n b  ab n rh  m b
a n  ~  a n  2 r f £ - _ e  ©  " E h - e + ( D
b m  b  m  b m  b  m
(2)
The Brueckner-Goldstone diagrams representing the RPA equations are 
shown in Fig. 4. In this figure, the grey boxes are used to represent dressed  
matrix elements ZRRA or ZRJ A. The RPA equations are widely used in 
atomic, nuclear, and plasma physics to describe core-shielding corrections to 
transition matrix elements. They may be recast in terms of coupled differen­
tial equations, the linearized time-dependent Hartree Fock (TDHF) equations,
Z pPA  V . V , Z i ^
X
 b m  n m a b  n b a m  m b
e. - £  - t o  " e. - e + cob m  i , -  b m
71B(3Hi
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Table 2. Iteration solution to the RPA equations for the 6py2 —> 7.v
transition in cesium.
n 5Z z 6 V V
5.278 5.037
i -0 .334 4.943 -0 .056 4.981
2 0 .076 5 .019 0 .028 5 .009
3 -0.067 4 .952 -0 .036 4 .973
4 0 .040 4 .992 0.013 4 .986
5 -0 .028 4 .964 -0 .014 4 .972
6 0 .019 4 .982 0 .007 4 .979
7 -0 .0 12 4 .969 -0 .006 4 .973
8 0 .009 4 .978 0 .004 4 .976
9 -0 .006 4 .972 -0.003 4 .974
10 0 .004 4 .976 0.002 4 .975
11 -0 .003 4 .974 -0.001 4 .974
12 0.002 4 .975 0.001 4 .975
13 -0.001 4 .974 -0.001 4 .974
14 0.001 4 .975 0.000 4 .975
o r so lved  itera tive ly , starting  w ith the approxim ation  Z * |'A = zan and 
Z ^ A =  zna. I f  w e itera te  the R PA  eq uatio ns once to ob ta in  the seco n d-o rd er 
co re -sh ie ld in g  co rrec tions to zan and  zna, and  use the resu lting  v a lu es in 
Eq. (1), w e ob ta in  the th ird-o rder co re-sh ie ld ing  co rrec tions to zwv m en tion ed  
in the  in troduction . I f  w e carry  th rough  the  com ple te  itera tion  so lu tion  to 
E q . (2) and  use  th e  resu lts in Eq. (1), w e obtain  am plitudes co rrec ted  to  all- 
o rd ers in pertu rba tion  theory  fo r co re  sh ie ld ing .
T h e  a ll-o rder R PA  am plitudes are gauge-independen t. As a co n se ­
qu en ce , d iffe rences b e tw een  leng th - and  ve locity-fo rm  am plitudes, that lead  
to  am b ig u itie s in  the H F  case , d isappear w hen  R P A  am plitudes are  used. In  
T ab le  2 , w e show  how  the leng th - and  v e lo c ity -fo rm  am p litu d es (Z  an d  V) fo r 
the 6/?|/2  - » Is  transition  in cesiu m  converge  o rd er-b y -o rd er to  v a lues th a t are  
iden tical in  leng th  and  velocity  fo rm s as w e itera te  the  R P A  equations. T he  
co nv ergen ce  o f  p ertu rba tion  theory  is seen  to  be  ex trem ely  slow  fo r cesium . 
H ow ever, b y  14th o rd e r w e obtain  am plitudes th at ag ree  in leng th  an d  v e lo c ­
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ity fo rm s to 4  sig n ifican t figures. M oreover, we find that the th ird- and h igher- 
o rd e r co re -sh ie ld in g  co rrec tions g ive the value 4 .975  for the 6/>1/2-> 7 .s  
am p litu d e , qu ite  c lose  to  seco n d-o rd er va lue  4 .943 , bu t gauge independen t! 
C o m p arin g  w ith  the accurately  m easured  value 4 .499(6 ), it is ap paren t th at 
co re -sh ie ld in g  co rrec tio ns alone are not adequate  fo r a q u an tita tiv e  u n d e r­
s tand ing  o f  the am plitudes. It is a stra igh t-fo rw ard  exerc ise  to  de term ine  the 
R PA  m od ifica tio n s o f  the  pho to ion iza tio n  cross section  fo r cesium  show n  in  
Fig. 2; the R PA  cro ss sec tion  lies betw een  the D H F leng th -fo rm  and ve loc ity - 
fo rm  cu rv es in the figure. A s for d iscre te  transitions, the R PA  cro ss sec tion  is 
gauge  invarian t, b u t accoun ts on ly  qualita tive ly  fo r the o bserved  cross sec ­
tion. T o  ob ta in  quan tita tiv e ly  accurate  p red ic tions, one m ust go  beyond  the 
R P A  and co n s id e r co re-p o lariza tio n  co rrections.
4. Core Polarization and Brueckner Orbitals
In the p rev iou s section , we co nsid ered  the th ird- and h igh er-o rd er c o re ­
sh ie ld ing  (R PA ) co rrec tio ns to transition  am plitudes; but, as m en tioned  in the 
in troduction , there  are three othei th ird -o rd er co rrec tions: the co re -p o la riza ­
tion  o r B rueckner-o rb ita l (B O ) correc tions, the structu ral rad ia tion  (SR ) c o r­
rec tions, and the no rm aliza tion  co rrec tions (N orm ).
T he  d o m in an t th ird -o rd er co rrec tions are the B O  co rrec tio ns, g iven  by 
the eq ua tio n  [10]:
Z B0 = -  yVV'V "wi^tmah^ahvm
abm i *  v
*  i
amn t * i>
( e , - E v) (ev + eM- e fl- e t )
Z V V wt tanni nmva
( £ - £ ) ( £  +  E - E  - £  )v i v '  v m n a v '
^wmah^ahtm^iv
"  (E + E  - E  - E . )  ( £ . - £  ) 
a b m i * w K w m a ' w)
V V 7 w a n m  n m i a  iv
"  ( E  +  £  - E  - E  ) ( £ . - £  ) 
a m n i * w K m n a w ‘ w
(3)
D iag ram s fo r th e  fo u r “d irec t” co n trib u tio n s in E q . (3), ob ta in ed  by rep lac in g  
vljkl by  vijkl, a re  show n in F ig . 5.
T h is  eq ua tio n  can  be  w ritten  in a m ore  co m p ac t fo rm  in te rm s o f  the 
se lf-energy  o p era to r ^  (e )  m en tioned  in the in troduction . T h is  is the  o p era -
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Fig.  5. F o u r  o f  the e ight  th ird-order  B rueckner-orb i ta l  correc t ions  to t ransit ion a m p l i ­
tudes.
tor that accoun ts fo r the in teraction  o f a valence e lectron , having  energy  e , 
w ith the m om ents it induces in the core. T he self-energy  o pera to r has a p e r­
turbation  expansion
A sym pto tica lly , the self-energy  opera tor reduces to the local d ipo le  po ten tia l
T he w ave function  tp for a valence e lectron  in teracting  w ith  the m om ents it 
induces in the core satisfies the quasipartic le  equation  [4]:
As m entioned  earlier, this w ave function  tp is re ferred  to as the  quasipartic le  
orbital or B rueckner orbital. If  w e expand  the B rueckner orb ita l in  a pe rtu rb a­
tion  series, starting  w ith  the H F o rb ita l and expand  the quasipartic le  
energy  £ in a series starting  w ith  the H F  energy  £v ,
Z ( e )  = X ( 2 ) ( e ) + X ( 3 ) ( e ) + . . . .
M atrix  e lem ents o f the leading  term  in th is expansion  are
I (2V )  =
[ fc0 + V HF + I <E) 1 (P = E(P (4)
<P = mv + (Pv(2) + ... + E = ev + e„(2) + (5)
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T able 3. T heoretical energ ies for cesium , includ ing  seco n d-o rd er c o r­
re la tion  correc tions, are com pared  w ith  experim ental energ ies [6].
S ta te D H F £(2) Sum E xperim en t
6*l/2 -0 .12737 -0 .01774 -0.14511 -0 .14310
6^1/2 -0 .08562 -0.00691 -0.09253 -0 .09217
6P3/2 -0 .08379 -0 .00618 -0.08997 -0 .08964
7*1/2 -0 .05519 -0 .00420 -0 .05939 -0 .05865
then  the seco n d-o rd er co rrec tion  to (p satisfies the inhom ogeneous equation:
=  [ e v( 2 ) - S (2)(e v) ] « v . (6)
T he cond ition  fo r so lvab ility  o f  this equation  leads to the expression  fo r the 
seco n d-o rd er correla tion  energy  :
It is a num erica lly  dem anding , bu t s traigh t-fo rw ard , task to evaluate  th is c o r­
rection . In T ab le  3, w e show  how  the 10% errors found for the H F  valence 
energ ies in cesium  are reduced  to the 1% level, after the second-o rder co rre ­
lation  co rrec tio ns are added.
A fo rm al so lu tion  to E q .(\re f{aqpe}) is g iven by:
| V < » >
T  ‘  >
P -  P .
Substituting this into the Eq. 3, we may write the expression for the Brueck- 
ner-orbital transition matrix Z®° in the simple and elegant form:
z®° = Mz|v(2>) + (wt2)|z|v).
As we will show in later examples, the third-order BO corrections are the 
dominant correlation corrections to transition amplitudes.
The third-order structural-radiation corrections consist of thirty-
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Fig. 6. Four of the thirty-six third order structural-radiation corrections.
six term s that are w ritten  out in detail in Ref. [ 10 ]. F our o f these te rm s are 
g iven  by the d iag ram s o f Fig. 6 . F ina lly , th ird -o rd er no rm aliza tion  co rrec tio ns 
are g iven  by the expression  [ 10 ]:
^Norm _ j V V1 Z  ( I ) J V *  vtrnib a b v m  ^  ^  ' v a n m w n m v a
2 " l “ ' ( e + e  — E — C. ) * "  (E + £  - E  - E , ) 2
a b m  1 m  a b a  tu n  m  n a  \?
V V*
(7)
^wmah^uhwm V V wanm nmwa
"  ( e  +  £ - £  — £ i ) 2 "  ( £  +  £ — £ — £ ) :
ohm ^  ^ } unin tn n a w
T his term  includes con tribu tions requ ired  to n o rm alize  the m an y -e lec tro n  
w ave function  and  con tribu tions from  “fo ld ed ” d iag ram s [ l] .
It is a stra igh t-fo rw ard , bu t tedious, task  to ev alu a te  all o f  the th ird -o rd er 
co rrec tio ns fo r a large atom  such as cesium . In T ab le  4, w e g ive a d eta iled  
b reakdow n  o f all co rrec tions th rough third o rd er fo r the 6p —> 65 and  7.v —> 6p 
transitions in cesium . W e see from  th is exam ple  that the 15% d ifferences 
found  in lo w cst-o rd er are reduced  to about 3% afte r th ird -o rder co rrec tio ns 
arc included . It is apparent from  the table that the th ird -o rd er B O  co rrec tio ns 
are the d om inan t co rrela tion  corrections.
L et us now  turn  to the continuum  case and  exam ine  the  ro le  o f  th ird- 
o rd er B O  co rrec tions in the low -energy  p h o to ion iza tio n  o f  cesium . It is first 
necessary  to so lve the q uasipartic le  equation  (4) in the con tinuum . In th is case  
the energy  is fixed . T he  sho rt-range  part o f  the sca tte ring  ph ase  sh ift fo r a p a r­
tial w ave w ith  angu lar m om entum  quan tu m  n u m b er k  is g iven  by 
5 k =  8 ^ f + 5 ^ 2) , w here
6 / 2 )  =  -71 ( mJ I (2) (£ ) |m|c) (8 )
In th is  equa tio n , uK is the H F  co n tin uu m  w ave function  fo r the sta te  (e , ic) .
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Table 4. C on tribu tions to the E{ transition  am plitudes fo r cesium .
Term 6 p i/2 ->  6,v 6p 3/2 - » 6,v Is  6 p 1/2 Is  - » 6/>3/2
Z ( l ) 5 .2777 7.4265 4 .4135 6 .6716
Z (2) -0 .3344 -0.4528 0 .0448 0 .0510
R PA (3) 0 .0760 0.1005 -0 .0150 -0 .0174
R PA (4)+ -0 .0446 -0 .0604 0 .0070 0 .0084
B O W -0.6226 -0 .9263 0 .8236 1.1615
B O (/7 ) 0 .0410 0 .0842 -0 .9305 -1 .2343
SR 0.0445 0 .0593 -0 .0120 -0.0153
N orm -0 .0508 -0 .0694 -0.0198 -0.0281
Z (T ot) 4 .3964 6 .1616 4 .3116 6 .5974
E xperim en t 4 .499(6) 6.332(7)
T he p -w ave phase shifts ob tained  by adding  second-o rder co rrela tion  co rrec ­
tions to  the H F phase shifts are show n in Fig. 7. It can be  seen from  this figure 
that the d iscrepancies w ith  quan tum  defect theory found in the th resho ld  H F  
phase sh ifts are a lm ost com plete ly  rem oved  once second-o rder B rueck n er 
co rrec tions are  included.
Fig. 7. Correlation corrections to p-wave electron-Cs+ scattering phase shifts. The 
dashed lines give HF predictions, and the solid lines include second-order correlation correc­




Fig. 8. Many-body calculations of Ihe cesium photoionizalion cross section. HF, 
RPA, and the sum of RPA and third-order BO cross sections arc presented. The 0 symbol 
gives experimental values [9|.
W e m ay use the second-o rder B rueckner orb ita ls to evalua te  the d o m i­
n an t th ird -o rd er correla tion  co rrections to the continuum  p -w ave transition  
am plitudes. T he  low -energy  pho to ion izalion  cross section for cesium  
ob ta ined  by includ ing  RPA  and B O  co rrec tions in the am plitudes is show n in 
F ig . 8. W e see that includ ing  b o th  R PA  and th ird-o rder B O  co rrec tions leads 
to  theo re tica l cross section  in good agreem ent w ith  the m easured  cross sec ­
tion.
A m ore  sensitive  test o f the continuum  m any-body  ca lcu lations is the  
evalua tion  o f  the electron  sp in -po larization  o f  cesium . T his quan tity , w hich  
g ives the fraction  o f the pho toelectrons that arc sp in -po larized  in the d irec tion  
o f  the inciden t photon  beam  for rad iation  that is 100%  left-c ircu lar po larized , 
invo lves a d e licate  cancella tion  betw een  6.v e/?]/2 and  6s ->  tp y2 am p li­
tudes. In F ig . 9, w e com pare  the theoretical sp in -po larization  fo r cesium , 
g iven  as a function  o f  pho ton  w avelength , w ith  precise  m easurem en ts [11,12]. 
T he th ird -o rder ca lcu lations are seen to be in good agreem en t w ith  the e x p e r­
im en tal values.
4.1 Electron-Xenon Elastic Scattering
W hen  considering  e lectron  scattering  from  a neutral atom  such  as 
xenon , the e lectron -a tom  po tential vanishes asym pto tically  fas ter than  - 1  / r , 
in co n trast to the case  o f cesium , w here the po ten tia l at large d istances is the 
ionic C ou lom b  po ten tial. F o r scattering  from  an asym pto tically  neutral field , 
phase sh ifts take on lim iting  values governed  by L ev in so n ’s theorem : the
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C
Photon Wavelength (Angstrom)
Fig. 9 Many-body calculations of the photoelectron spin-polarization given as a Tune- 
lion of photon wavelength (A) arc compared with experimental values- (a) from Ref. [11], 
and (b) from Ref. [12].
ze ro -m o m en tum  phase sh ifts for angu lar m om entum  k  are re la ted  to NK, the  
nu m b er o f  o ccup ied  b o un d  states w ith an gu la r m om entu m  k , by 
5^(0) = 7tNK.. B oth  H F  phase  sh ifts and  co rrela ted  p hase  sh ifts in xenon  sa t­
isfy th is re la tion . W c m ay  obtain  co rrela ted  sca tte ring  phase sh ifts fo r an e le c ­
tron  m ov in g  in the field  o f a xenon  atom  by add ing  the  seco n d-o rd er 
co rrec tio ns g iven  by Eq. (7) to  the H F  phase  shifts. T he phase  sh ifts fo r s- 
w aves, p-w aves, ..., /z-waves, found in th is w ay, are p lo tted  in F ig . 11. T h e  
dashed  lines in the figu re  g ive the  H F phase  sh ifts and the  so lid  lines give 
phase sh ifts  that include  seco n d-o rd er co re -p o la riza tio n  co rrec tio ns [13].
T he  .y-wave phase  sh ifts in the H F  approx im ation , w hich  govern  the 
cross section  n ear zero  m om entum , are seen to decrease  in a m on o ton e  w ay  
from  the th resh o ld  value 8 a(0) =  5 ti . T he  co rresp on d ing  H F  sca tte ring  cross 
sec tion , show n by the dashed  line in F ig . 11, in creases in a m on o ton e  w ay 
from  th resho ld . T h is m on o ton e  b eh av io r o f the p red ic ted  H F  cross sec tion  
near th resh o ld  is in qualita tive , as w ell as quan tita tiv e , co n flic t w ith  ex p e ri­
m en tal o b se rv a tio n s w hich  show  a p ro n ou n ced  m in im um  in the cross sec tion  
ju s t  abov e  th resho ld . T h is m in im u m  in the low -energy  sca tte ring  cross section  
is ch arac teris tic  o f  e lastic  e lectron  sca tte ring  from  noble  gas atom s; it is the 
w ell-kn o w n  R am sauer-T o w n sen d  m in im um  [14,15]. T h e  R am sauer- 
T o w nsend  m in im u m  w as already  u n derstoo d  to b e  a resu lt o f  co re  p o la r iza ­
tion m ore  than  sixty  years ago  [16,17]. A n analysis o f  the m in im u m  sim ila r to  
the p resen t one w as g iven  fo r the case  o f argon  in  R ef. [18] and  fo r he lium , 
argon  and  xenon  in R efs. [19,20].
In  the u p p e r left panel o f  F ig . 10, the correlated s-w ave  phase  sh ift is
71 B(3)—12
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Fig. 10. Many-body calculations of the electron-xenon scattering phase shifts. Dashed 
lines represent HF approximation and solid lines give the correlation correction. Whenever 
distinguishable, the upper curve corresponds to the positive value of.the relativistic angular 
momentum K and the lower curve to k < 0.
show n to  increase  from  57c at th resho ld  to a m ax im um  at p = 0 .12  a.u ., and 
then  to pass through  5 n again  at abou t p = 0.23 a.u., lead ing  to a m in im um  
in the cross section  at the co rrespond ing  energy  = 0 .7  eV . T he  co rrec tions to 
5-w ave and  p -w ave phase  sh ifts are seen  to be  re la tively  sm all, = 0 .2  -
0 .4  rad ian . F o r the d-w aves and h igher partial w aves, on the o ther hand , the 
phase sh ifts at low  energ ies are dom inated  by the co rrela tion  corrections! T h is 
is a co nsequence  o f the re la tively  long  range o f the e lectron  se lf-energy  o p er­
ator, «  - a d/2 r 2 ,
In F ig . 11, w e show  bo th  the H F and co rrela ted  p red ic tions o f  the  cross 
section  as functions o f  energy . T he essen tia l ro le o f  co rre la tion  in  the low - 
energy  cross section  is ev iden t from  this figure. T he H F  ca lcu la tion  seriously
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Fig. 11. Many-body calculations of the elcctron-xenon scattering elastic-scattering 
cross section. Dashed lines represent HF approximation and solid lines give the correlation 
correction. Experimental values' full squares, [21]; open squares, [22]; and open triangles, 
|23],
overestimates the cross section below 3 eV, and seriously underestimates it 
above 5 eV. The cross section is also compared with various experimental 
measurements [21,22,23] in the figure.
In summary, we have shown that photoexcitation and photoionization 
in heavy alkali-metal atoms, such as cesium, are described in a qualitatively 
correct way in the HF approximation. However, to obtain a quantitative 
understanding, it is found necessary to go beyond the central-field approxima­
tion and include both second-order core shielding and third-order core-polar­
ization corrections. For elastic electron-xenon scattering, we have shown that 
the HF approximation fails to give even a qualitative understanding of the 
Ramsauer-Townsend minimum in the low-energy cross section. Going 
beyond the HF approximation and including core-polarization corrections to 
the phase shifts, however, leads to excellent quantitative agreement with the 
observed elastic scattering cross section.
References
[1] I. Lindgren and J. Morrison, A to m ic  M a n y-B o d y  T h eory (Springer, New 
York, 1991).
[2] P. 0. Lowdin, J. Math. Phys. 3,1171 (1958).
[3] A. L. Fetter and J. D. Walecka, Q uan tu m  T h eo ry  o f  M a n y -P a r tic le  
S ys tem s  (McGraw-Hill, New York, 1971).
[4] A. B. Migdal, T h eo ry  o f  F in ite  F erm i S ys tem s  a n d  A p p lic a tio n s  to
280 WRJohnson
A to m ic  N u c le i (Interscience, New York, 1967).
[5] V. A. Dzuba, V. V. Flambaum, P. G. Silvestrov and 0. P. Sushkov, 
Phys. Lett. B 20,1399(1987).
[6] C. E. Moore, A to m ic  E n erg y  L eve ls , NSRDS-NBS 35 (U.S. GPO, 
Washington, 1971), vol. III.
[7] M. J. Seaton, Mon. Not. R. Astron. Soc. 118,504 (1958); U. Fano, Phys. 
Rev. A 2, 353 (1970).
[8] C. Tanner, A to m ic  P h y s ic s  14 , editors D. J. Wineland, C. E. Wieman 
and S. J. Smith (AIP Press, New York, 1995).
[9] H. Sucmitsu and J. A. R. Samson, Phys. Rev. A 28,2752 (1983).
[10] S. A. Blundell, D. S. Guo, W. R. Johnson and J. Sapirstein, Atomic Data 
and Nuclear Data Tables 37,103 (1987).
[11] G. Baum, M. S. Lubell and W. Raith, Phys. Rev. Lett. 25,269 (1970).
[12] U. Heinzmann, J. Kessler and J. Lorenz, Z. Phys. 240,42 (1973).
[13] W. R. Johnson and C. Guet, Phys. Rev. A 49, 1041 (1994).
[14] C. Ramsauer, Ann. Phys. (Leipz.) 64,513 (1921).
[15] J. S. Townsend and V. A. Bailey, Phil. Mag. 43, 593 (1922).
[16] J. Holtzmark, Z. Phys. 55,437 (1929).
[17] N. F. Mott, Proc. Roy. Soc. A 124,425 (1929).
[18] Michael S. Pindzola and Hugh P. Kelly, Phys. Rev. A 9, 323 (1974).
[19] M. Ya. Amusia, N. A. Cherepkov, L. V. Chernysheva and S. G. 
Shapiro, Phys. Lett. 46A, 387 (1974).
[20] M. Ya. Amusia, N. A. Cherepkov, S. G. Shapiro and A. Tanc ic , Soviet 
Phys-JETP 68,2023 (1975).
[21] J. Ferch, F. Simon and G. Strakeljahn, in abstracts for 15th  
In te rn a tio n a l C o n feren ce  on P h ys ic s  o f  E le c tro n ic  a n d  A to m ic  
C o llis io n s  (Brighton, 1987) unpublished.
[22] M. S. Dababneh, W. E. Kauppila, J. P. Downing, F. Laperriere, V. Pol, 
J. H. Smart and T. S. Stein, Phys. Rev. A 22,1872 (1980).
[23] J. C. Nickel, K. Imre, D. K. Register and S. Trajmar, J. Phys. B 18,125 
(1985).
